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Abstract 
 
Nanoparticle (NP) implementation in industry has increased during the last years. However, the 
consequences of NP release to the environment have not been fully understood yet and long-term eﬀects are 
hardly predictable. Information regarding a possible NP uptake by organisms is urgently needed. Here, we 
investigate the uptake of presynthesized AuNPs of diﬀerent diameters by living diatoms. To better 
understand the inﬂuence of NPs on diatoms, cells were monitored in vivo using Surface Enhanced Raman 
Spectroscopy (SERS). By 3D Raman imaging, AuNPs with diameters ≥50 nm could clearly be localized 
inside the cells, whereas smaller AuNPs were never detected in the cell interior. This indicates a size-
dependent uptake mechanism that comes along with diﬀerent toxicities. As diatoms present an essential 
source of the marine food chain, this observation is relevant not only for diatoms themselves but also for 
higher organisms. 
 
 
 
 
1. Introduction 
 
NPs have gained enormous scientiﬁc interest [1–3]. Meanwhile, 
they are also increasingly produced by industry with an approximate 
amount of 10.000 tons per year (state 2012) [4]. However, their rising 
distribution and accumulation in the biosphere may cause environ- 
mental problems [5]. It is, therefore, necessary to study the uptake of 
NPs by organisms, for example diatoms. These unicellular organisms 
belong to the group of microalgae. More than 105 diﬀerent species are 
found in both freshwater and marine environments [6]. Although only 
visible by microscope, these tiny organisms are crucial for the existence 
of life. They are responsible for about 20% of the global oxygen pro- 
duction by photosynthesis [7]. To date, the knowledge about toxic in- 
teractions or possible NP uptake mechanisms by diatoms is very lim- 
ited. Most hypotheses about cell wall or membrane penetration of NPs 
rely on studies of other organisms [5,8,9]. To evaluate the ecotox- 
icological impact of NPs upon diatoms, intensive studies regarding the 
NP-diatom interaction and possible NP uptake mechanisms are neces- 
sary. Having in mind the importance of diatoms for photosynthesis [10] 
and as essential part in the food chain of the ocean [11], investigation 
of the impact of AuNPs on diatoms is of high biological and ecological 
interest. 
Diatoms are also a promising research object in bio-nanotechnology 
[12,13] with respect to bio-inspired approaches for new syntheses of 
semiconductor, photonic, and drug delivery nanomaterials [7,14]. 
Apart from the functionalization of their cell walls, diatoms have 
 
currently been studied as potential biosynthesizers of metal NPs [15–
20]. Understanding the biochemical mechanisms underlying NP 
biosynthesis is essential for the improvement of NP homogeneity and, 
thus, for the application of this environment-friendly synthesis method 
in the future [21]. Elucidation of the NP-diatom interaction mechan- 
isms can, thus, not only help to estimate the eﬀect of AuNPs on our 
environment but also to improve the properties of biosynthesized NPs. 
To obtain in vivo information about algae, SERS (Surface Enhanced 
Raman Spectroscopy) has been proven to be a valuable tool [22]. We 
have recently used SERS to determine NP localization in living diatom 
cells. In vivo biosynthesized AuNPs from the addition of gold salt to the 
growth medium were detected inside the diatom cells [19]. The con- 
dition for the observation of SERS spectra is a close contact between the 
sample and metallic nanostructures. This proximity leads to enhanced 
Raman intensities of sample molecules [23]. It is, however, not yet 
clear, whether the intracellular AuNPs are formed a) intracellularly 
from reduced gold ions which could enter the cell via ion channels or 
simple diﬀusion or b) outside the diatom cell using cell-wall-attached 
substances or reducing agents from the growth medium and transported 
into the diatom cell afterwards by diﬀusion or endocytosis. Possible 
mechanisms for NP uptake have recently been summarized [9]. Ex- 
perimental evidence for NP uptake by diatom cells has so far been 
provided by transmission electron microscopy [24], spectrophotometry 
[25], focused ion beam [26], and atomic force microscopy [27]. 
However, all these analytical methods either require chemically ﬁxed, 
dead diatom cells or can only reveal information regarding NPs outside 
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the diatom cell wall. In vivo monitoring of NP-diatom interactions is 
necessary in order to ultimately show the uptake of NPs by living cells. 
If living cells are able to take up NPs, both ways (a and b) to bio- 
synthesize intracellular AuNPs are possible, and if AuNPs cannot be 
taken up, option b is not likely to occur. In this work, we have analyzed 
Stephanopyxis turris (S. turris) cells in vivo after exposure to pre- 
synthesized AuNPs of various diameters. The main question in- 
vestigated is the uptake and localization of AuNPs as well as their eﬀect 
on cell vitality. 
 
2. Materials and methods 
 
2.1. Cultivation 
 
S. turris was isolated by Prof. M. Sumper (Regensburg) from the 
North Sea in June 2004 and recently molecularly characterized [19]. 
Following the protocol of the North East Paciﬁc Collection from Har- 
rison et al. [28], cells were kept in artiﬁcial seawater medium (ASW). 
Cultivation was performed in a RUMED 1301 light thermostat (18 °C, 
12/12 h day/night cycle and about 1000 lx). 
 
2.2. AuNP synthesis 
 
The following materials were used as purchased: hydrogen tetra- 
chloroaurate trihydrate (HAuCl4·3H2O, ≥99.9%, Alfa Aesar), L-ascorbic 
acid (≥99%, Alfa Aesar), trisodium citrate dihydrate (≥99%, Sigma- 
Aldrich) and ultrapure water (Milli-Q, > 18.25 MΩ). The seed solution 
was prepared using a citrate reduction method according to Frens [29]. 
First, 125 μL of a 0.1 M HAuCl4·3H2O stock solution was added to 50 mL 
of water and heated up to boiling temperature. Subsequently, 2 mL of 
an aqueous trisodium citrate dihydrate stock solution (1%w/v) were 
added quickly under vigorous stirring. The solution was kept boiling for 
5 min and was then allowed to cool down. 
AuNPs with diﬀerent diameters were grown following the former 
published protocol of Ziegler and Eychmüller [30]. A deﬁned amount of 
the afore synthesized seed solution was diluted in 20 mL water. Apart 
from that, a precursor solution (a) was prepared by diluting a 5 mM 
HAuCl4·3H2O stock solution to 10 mL. For the reducing solution (b) a 
mixture of ascorbic acid stock solution (b1) (1%w/v) and trisodium 
citrate stock solution (b2) (1%w/v) were diluted to 10 mL. The relative 
volume ratio of all three stock solutions a:b1:b2 was always kept at 
8:2:1. Subsequently, 10 mL precursor solution (a) and 10 mL reducing 
solution (b) were added to the seed solution under stirring using se- 
parate Teﬂon tubes and a peristaltic pump. This process took place at 
room temperature for 45 min. After the complete addition of both so- 
lutions (a and b) the mixture was heated up to boiling temperature and 
kept there for 30 min. Finally, the solution containing the grown AuNPs 
was allowed to cool down. The required amount of gold precursor to 
achieve the diﬀerent, desired AuNP diameters was calculated taking 
into account the seed-particle diameter and concentration. Further- 
more, a complete turnover of the gold precursor without additional 
seed formation was assumed. 
Grown AuNPs were characterized using transmission electron mi- 
croscopy (TEM). Concentration of the AuNP solutions was determined 
using ultraviolet/visible spectroscopy (UV/Vis) according to Haiss et al. 
[31]. 
 
2.3. Exposure to AuNPs 
 
AuNPs of diﬀerent diameters were separately added to S. turris cells 
in ASW for 24 h reaching a ﬁnal NP concentration of 10−12 M. To ﬁnd 
the optimum NP concentration, for each AuNP diameter three diﬀerent 
AuNP  concentrations  (10−16 M,  10−14 M,  10−12 M)  were  added  to 
living diatom cells. At least 10 of these cells were analyzed in 2D Raman 
images and the probability to obtain at least one SERS spectrum in each 
of  the  2D  images  was  compared.  The  concentration  10−12 M  was 
evaluated as the best concentration to receive a reproducible and high 
possibility to generate SERS spectra for each measured cell. 
 
2.4. Toxicity test 
 
For toxicity tests, diatom cells in ASW were incubated with 10−16, 
10−14 or 10−12 M AuNP solution for the 5 synthesized AuNP diameters. 
Cells were analyzed at these three concentrations 4 h, 1 d, 2 d, 3 d, 4 d, 
and 7 d after adding the AuNPs. Monitoring during toxicity tests was 
performed using a Keyence BZ-8000 K microscope with an ELWD ob- 
jective Plan Fluor 20x from Nikon (NA = 0.45). Images were acquired 
with 10-fold magniﬁcation. For ﬂuorescence investigations cells were 
tested using an OP-66834 BZ DAPI-BP ﬁlter set and an acquisition time 
of 0.5 s. 
 
2.5. Transmission electron microscopy (TEM) 
 
5 μL sample solution were dried on 200 mesh Cu TEM grids with 
formvar/coal-ﬁlms from Plano. In case of ASW and diatom cells con- 
taining samples the solution was dialysed before drying and centrifuged 
for 5 min at 5000 rpm using an Eppendorf 5417 R centrifuge. Dialyses 
was performed for desalination overnight in a ZelluTrans membrane 
(MWCO 4000–6000 from Roth) against 2 L ultrapure water. Samples 
were measured at a JEM 1400plus (120 kV) equipped with a LaB6 
cathode. The program ImageJ 1.48v by W. Rasband enabled the de- 
termination of the AuNP diameters from the TEM images. After 
synthesis 100 NPs, and after incubation in diatom cell solution 30 
AuNPs were considered for the calculations. 
 
2.6. Raman investigations 
 
Samples were investigated after immobilization on Poly-L-Lysin [32] 
coated CaF2 slides using a 60× (NA = 1.00) water immersion objective 
from Nikon. Following former results [19] regarding cell viability, the 
laser power of 8 mW was combined with an exposition time of 109 ms 
as “soft” conditions for imaging. 2D images were recorded at 1 μm step 
size distances in x-y- and 3D images additionally at 3 μm distance in z- 
direction.   Recording   the   3D    images    usually    acquired    about 
80 ± 20 min per cell. For each AuNP diameter, at least 3 diatom cells 
have been imaged in 3D, and 10 cells respectively in 2D. The single 
pigment spectrum (Fig. 3, top) was measured using a laser power of   
95 mW and an exposure time of 5 s. All measurements were carried out 
using a Raman spectrometer HoloLab Series 5000 from Kaiser Optical 
Systems [33] containing a 20 μm ﬁber-coupled single-mode laser at a 
wavelength of 785 nm. A back-illuminated CCD detector (Roper Sci- 
entiﬁc, USA) with deep-depletion design was employed. Evaluation of 
the collected Raman spectra was realized using the in-house developed 
software SpectralImaging by M. Finger. The strongest bands of β-carotene 
and fucoxanthin were plotted according to their spectral intensities and 
used to represent the cell chloroplast in the 3D false color images. 
Presented Raman spectra are baseline corrected. 
 
3. Results and discussion 
 
3.1. Scope of the experiment 
 
The silica cell wall of S. turris exhibits a highly regular pore pattern 
(cribrum) with pore diameters of about 50–200 nm (see Supporting 
information, Fig. S1), which forms the bottom of hexagonal chambers 
(areolae) with about 2.3 μm diameter [34]. Native diatom cell walls are 
surrounded by an organic layer. Furthermore, another organic layer 
rich in polysaccharides (diatotepum) is located between the cell wall 
and the cell membrane. The latter is directly adjacent to the cell wall 
[35,36]. AFM investigations of S. turris cells suggest that the diato- 
tepum of this species is only localized at the inner surface of the cri- 
brum [35]. This matrix contains polysaccharides and proteins (mainly 
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in β-strand and random-coil conformation; dominated by ﬁve amino 
acids) that together shield the silica structure [37]. It is well known, 
that diatoms take up inorganic nutrients (e. g. iron, phosphate, or 
ammonium). These nutrients are transported through the pores of the 
siliceous cell wall and ﬁnally through the cell membrane in dissolved 
ionic form. It is believed that ions including potassium, nitrate, am- 
monium, sodium, and calcium cross the membrane through channels 
via action potentials [36]. Iron uptake is possible in the form of ionic Fe 
(III) or Fe(II) after reduction of iron bound by siderophores [38]. 
However, it was recently reported that the diatom species Phaeo- 
dactylum tricornutum can also take up hydroxamate siderophores 
without previous reduction following an alternative endocytosis 
pathway [39]. 
Earlier ecotoxicological studies with respect to the impact of TiO2 
NPs upon diatoms have suggested a size-dependent inﬂuence [40,41]. 
Therefore, we have used AuNPs of diﬀerent diameters, namely 19 nm, 
31 nm, 51 nm, 75 nm, and 125 nm. These AuNPs were synthesized, 
characterized, and added to living S. turris cells in artiﬁcial sea water 
(ASW). The cells were studied in vivo using 3D SERS to localize the 
AuNPs. 
 
3.2. TEM characterization of AuNPs 
 
AuNPs of diﬀerent sizes were characterized directly after synthesis 
and after 24 h incubation in ASW with S. turris cells. Comparison of the 
TEM images shows nearly no changes of NP shape (see Fig. 1) and size 
(see Fig. 2). Fig. 1 compares TEM images of the AuNPs directly after 
synthesis and after incubation in ASW with diatom cells. AuNP dia- 
meters  after  synthesis  were  analyzed   as   19 ± 7 nm,   31 ± 3 nm, 
51 ± 6 nm, 75 ± 9 nm, and 125 ± 15 nm. Figs. 1 and 2 show that 
incubation in ASW with diatom cells neither changed the AuNP dia- 
meters nor their shapes signiﬁcantly. After incubation in diatom con- 
taining solution, ﬁne structures were observable additionally to the 
AuNPs (see Fig. 1, right column). As similar results were obtained after 
incubation in ASW without diatoms (data not shown), it is likely that 
these low-contrast structures contain ASW constituents like 
Na2EDTA·2H2O, thiamine, vitamin B12, or biotin. 
Sample preparation does not allow conclusions regarding in- 
tracellular AuNPs as it is not clear whether or not the observed AuNPs 
originate from the cell surrounding cultivation medium, the cell wall, or 
the cell interior. It can, thus, not be excluded that intracellular AuNPs 
are not depicted in these TEM images and behave diﬀerently. It is, 
nevertheless, remarkable that the observed AuNPs have not changed in 
terms of size and shape in the presence of diatom cells and cultivation 
medium. 
 
3.3. Cell viability 
 
Using  the  optimum  AuNP  concentration  of  10−12 M  during  the 
chosen incubation time of one day, ﬂuorescence of chlorophyll a (as an 
indicator for cell vitality) was only aﬀected by the biggest AuNPs of 
125 nm diameter. Light microscopic images conﬁrm the integrity of the 
diatom cell wall even for the 125 nm AuNPs (see Supporting informa- 
tion, Figs. S2 and S3). 
 
3.4. Spectroscopic investigations 
 
3.4.1. Raman spectroscopy 
The Raman spectrum of bare S. turris cells without AuNPs was 
measured with 95 mW laser power and an exposure time of 5 s. This 
resonance-enhanced Raman spectrum is dominated by pigments which 
are located inside the diatom chloroplast. The most intense bands of 
this spectrum are known to originate from chlorophyll a, fucoxanthin, 
and β-carotene (see Fig. 3, top) [19]. Since the chloroplast practically 
covers the entire volume of living diatom cells, this pigment-dominated 
spectrum can be used to detect the cell shape also by Raman imaging 
 
 
Fig. 1. Exemplary TEM images of AuNPs directly after synthesis (left) and after 
incubation in ASW with diatom cells (right). Diﬀerent AuNP diameters are 
presented: 19 nm (A), 31 nm (B), 51 nm (C), 75 nm (D), and 125 nm (E). 
 
Fig. 2. Diameters of the AuNPs after synthesis and after incubation in ASW with 
diatom cells including standard deviation error bars. 
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Fig. 3. Raman spectrum of bare S. turris cells (normal conditions: 95 mW,  5 s) 
and spectral assignments (top). Normalized Raman spectrum (black) and ex- 
emplary SERS spectra (colored) of S. turris cells after incubation in 51 nm AuNP 
containing growth medium under soft (8 mW, 109 ms) measuring conditions 
(bottom). Normalization factors (NFs) illustrate the enhanced intensity of the 
SERS spectra. (For interpretation of the references to color in this ﬁgure legend, 
the reader is referred to the web version of this article.) 
 
(using “soft” conditions of 8 mW laser power and 109 ms exposure 
time). 
 
3.4.2. Optimum AuNP concentration for incubation 
For SERS investigations, we ﬁrst had to optimize the concentration 
of AuNPs added to the diatom cells. Three AuNP concentrations of 
10−12 M, 10−14 M and 10−16 M (determined according to the protocol 
of Haiss et al. [31]) have been tested. AuNPs were added to diatom cells 
in ASW and used in 2D Raman measurements. At least 10 cells were 
measured for each AuNP concentration and for the ﬁve diﬀerent AuNP 
diameters of 19 nm, 31 nm, 51 nm, 75 nm, and 125 nm. The Raman 
images were scanned for the presence of at least one SERS spectrum and 
probabilities for ﬁnding SERS spectra in the diatom cultures were 
compared in Fig. 4. Regarding the tested concentrations, best results 
were observed for 10−12 M AuNP. This concentration has, hence, been 
used for all of the following experiments. 
It is known from literature [42] that in general only AuNPs ≥20 nm 
deliver signiﬁcant enhancements taking in account the applied mea- 
suring conditions. This is in agreement with our results. However, we 
have observed the occurrence of SERS spectra to a minor degree as well 
at lower AuNP diameters (see Fig. 4). We assume that these SERS 
spectra generated by AuNPs of diameters below 20 nm either arise from 
a small percentage of AuNPs with strongly diﬀering, larger diameter or 
from a low number of AuNP agglomerates. Interestingly, TEM images 
did not show extensive diﬀerences in agglomeration characteristics 
after AuNP synthesis in ultrapure water compared to AuNPs incubated 
in diatom cells containing ASW (see Fig. 1). We could neither observe 
an inﬂuence of AuNP size on the AuNP agglomeration behavior, nor an 
increased agglomeration behavior, which is sometimes described for 
 
 
Fig. 4. Probability to ﬁnd at least one SERS spectrum in each of the minimum 
10 tested S. turris cells for 3 AuNP concentrations and 5 AuNP diameters. 
 
AuNPs in salt water environments [43]. However, we suppose that few 
NPs actually form agglomerates and, thus, generate the small number of 
SERS spectra even for AuNPs of diameters below 20 nm. 
 
3.4.3. Surface enhanced Raman spectroscopy 
Fig. 3 displays a pigment Raman spectrum under normal (top) and 
“soft” (bottom, black) measuring conditions and three exemplary SERS 
spectra (bottom, colored, “soft” measuring conditions) after cell in- 
cubation in 51 nm AuNP-containing ASW. New bands (see Fig. 3, blue, 
yellow, and purple spectra) are detected in addition to bands of the 
pigment spectrum (see Fig. 3, black). Such intense bands are only ob- 
servable in the presence of AuNPs and must be caused by SERS [19]. 
Comparison of the normalization factors (NFs, see Fig. 3) conﬁrms the 
enhanced band intensities of the SERS spectra compared to the non- 
enhanced pigment spectrum. 
We have used these SERS spectra in 3D Raman imaging to in vivo 
determine the localization of the SERS generating AuNPs. For this 
purpose, living, individual cells after AuNP addition were analyzed by 
3D Raman imaging. Results for 51 nm AuNPs are presented in Fig. 5, 
while 3D Raman images using the AuNPs with diﬀering diameters are 
illustrated in the Supporting information (see Fig. S4). A microscopic 
image of such an investigated S. turris cell (16 × 67 × 16 μm) is shown 
in Fig. 5a. The most intense pigment bands were used to localize the 
chloroplast and, by highlighting spectra with strong intensities of pig- 
ment bands in green, to represent the cell shape in a false color image 
(see Fig. 5b, c green). The x/y cell dimensions in light microscopic 
images are in agreement with those of the resulting false color image, 
thus proving the applicability of the pigment band intensities to re- 
present the cell shape. Many SERS spectra diﬀering from the pigment 
spectrum were detected. The intracellular origin of the four selected 
spectra in Fig. 3 (bottom) is indicated in the microscopic and false color 
images of the investigated cell (colored crosses in Fig. 5a, c). Positions 
of a few more SERS spectra are illustrated in red (see Fig. 5b, c). This 
selection represents about 20% of all detected SERS spectra for this cell. 
SERS spectra which were preferentially detected close to the cell wall 
are not indicated in Fig. 5. 
Fig. 5 demonstrates that SERS spectra are intracellular related to the 
x-y-dimensions of the cell. It can, however, not clearly be distinguished 
between SERS spectra close to the frustule or inside the cell for the z- 
dimension (see Fig. 5c). To determine the AuNP position in z-direction, 
Fig. 6 compares two sets of Raman (x/y-position 12/-5: black cross in 
Fig. 5) and SERS spectra (x/y-position 12/0: orange cross in Fig. 5) over 
the full set of measured z-layers. The drop-like signal extending over 
several z-layers diﬀering in signal intensity only is due to the micro- 
scope resolution, which in z-direction is worse than in x-y-direction. 
The spectra measured at the position of the black cross in Fig. 6 
(left) in the z-layers 0.5–18.5 μm exhibit the typical cell spectrum 
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Fig. 5. Microscopic image of the measured S. turris cell (a) after incubation in 
cultivation medium containing 51 nm AuNPs. The false color image of the 3D 
Raman image is presented in top (b) and in side view (c). Pixels containing the 
typical pigment spectrum are illustrated in green, pixels showing SERS spectra 
are marked in red. The diﬀerently colored crosses (a, c) determine the locali- 
zation of exemplary intracellular spectra, which are presented also in Fig. 3. 
(For interpretation of the references to color in this ﬁgure legend, the reader is 
referred to the web version of this article.) 
 
dominated by the pigments. Z-layers between about 4 and 20 μm (blue 
area, Fig. 6) show strong intensities of the pigment bands. These z- 
layers, thus, mark the cell dimension in z-direction, which is in agree- 
ment with the observed 16 μm cell diameter of the light microscopic 
image (see Fig. 5a). The signal-to-noise ratio of the pigment spectra 
(Fig. 6, left) is low due to the “soft” measurement conditions. Above and 
below these z-layers, no signals are visible meaning that these spectra 
originate from outside the cell. In contrast, the spectra obtained at the 
orange cross (x/y-position 12/0 in Fig. 5) in the same z-layers oﬀer a 
much higher signal-to-noise ratio characteristic for SERS spectra (see 
Fig. 6, right). The signal intensity shows a maximum at z-positions of 
12.5  and 15.5 μm.  The intensity  decreases in both,  positive and nega- 
tive, z-directions. It is well known that the intensity of the SERS eﬀect 
rapidly decreases with increasing distance d from the NP surface (ISERS 
~1/d12). This leads to enhanced  signals  only  in  close  proximity  (5–
10 nm) of the NPs [23]. The observed extension of SERS intensity  in 
z-direction must, thus, be due to the limited spatial resolution of the 
microscope in z-direction. Each spectrum contains contributions from 
regions above and below. Therefore, the AuNP generating the signal 
enhancement (see Fig. 6, right) has to be located in nm-proximity of the 
maximum spectral intensity, which is located between z = 12.5 μm and 
z = 15.5 μm. Comparison with the extension of the pigment  spectrum 
representing the cell shape shows that this point of maximum intensity 
is clearly localized inside the diatom cell meaning that the SERS gen- 
erating AuNP must be located intracellularly. 
 
3.4.4. Inﬂuence of the AuNP diameter 
The number of SERS spectra measured of cells incubated in ASW 
with AuNPs of diﬀerent diameters showed that enlarging the AuNP 
diameter causes an increasing number of SERS spectra. Using 19 nm 
and 31 nm AuNPs, almost no SERS spectra are detectable (19 nm: 0–1 
spectra/image, 31 nm: 1–3 spectra/image). In contrast, larger AuNPs 
≥51 nm generate at least 15 spectra per image. The augmented amount 
of gold (at an invariant number of NPs) coming along with the larger 
diameter apparently generates more SERS spectra around and inside 
the cells. This could explain the observed diﬀerences in toxicity (see 
Supporting information, Figs. S2 and S3) against diﬀerent diameters of 
AuNPs. Using 125 nm AuNPs, many intracellular SERS spectra are de- 
tected. The intracellular AuNPs inﬂuence the diatom pigments which 
leads to the observed loss of ﬂuorescence intensity (see above). 
Intracellular SERS spectra could be detected in all measured cells for 
AuNP diameters ≥51 nm. However, no intracellular SERS spectra could 
be observed for smaller AuNPs. These AuNPs mainly generated SERS 
spectra close to the diatom cell walls. In general, AuNPs with diameters 
≥20 nm constantly deliver SERS enhancements (see Fig. 4). However, 
all SERS spectra generated by 31 nm AuNPs as well as the sporadic 
SERS spectra generated by 19 nm AuNPs were localized outside the cell, 
often in close proximity to the cell walls – but never inside the cells. 
This indicates a size-dependent AuNP uptake mechanism of diatoms 
(see Fig. 7). Smaller AuNPs are apparently prevented from cellular 
uptake whereas bigger AuNPs are incorporated into the cell. The uptake 
inhibition of smaller NPs could be explained by the thermodynamic 
model of a many-NPs-cell system for receptor-mediated endocytosis 
[44]. Following this model, the free energy gained by docking of single, 
small NPs (≤40 nm) to the receptor will not be suﬃcient to cover a 
subsequent wrapping by endocytic vesicles and the uptake of the NP 
into the cell. In contrast, AuNPs of 40–60 nm generate acceptable 
membrane bending rigidities of the endocytic vesicle and, thus, higher 
values of free energy when docking to the receptors [44]. 
To the best of our knowledge, this is the ﬁrst in vivo detection of the 
intracellular presence of presynthesized NPs in living diatom cells. 
These AuNPs were added to the growth medium and must be taken up 
by the diatom cells. Our results are in agreement with the microscopic 
study of García et al. who have visualized NPs inside the diatom cell 
membrane using a cell cutting preparation of embedded, dead diatom 
cells [26]. 
 
4. Conclusions 
 
In summary, we can state that AuNPs are taken up by the diatom S. 
turris. This uptake was monitored for the ﬁrst time in vivo by 3D SERS 
on living cells. AuNPs with diameters ≥50 nm were clearly detectable 
inside the cell whereas smaller AuNPs were mainly located close to the 
cell wall. This indicates a size-dependent uptake mechanism that comes 
along with diﬀerent toxicities. For more detailed information, this in- 
dication for a size-dependent uptake mechanism needs further analysis. 
Nevertheless, the in vivo detection of intracellular NPs constitutes the 
basis for the investigation of uptake and toxicity mechanisms and is, 
thus, fundamental for future environmental studies. 
Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.algal.2019.101447. 
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Fig. 6. Two sets of Raman spectra with respect to diﬀerent z-layers. Raman spectra at the position of the black cross (see Fig. 5, x/y = 12/-5) show the pigment bands 
(left). The spectra at position of the orange cross (see Fig. 5, x/y = 12/0) represent an exemplary SERS spectrum. The spectra of strong intensity of pigment bands 
(left) represent the cell in z-dimension (marked in blue). The AuNP (orange cross) generating the SERS spectrum (right) is localized in the z-layer of maximum SERS 
intensity. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.) 
 
Fig. 7. Scheme indicating the size-dependent uptake of AuNPs into diatom cells. 
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